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Abstract: Nucleic acid can catalyze the conversion of a-helical cellular prion protein to b-sheet rich

Proteinase K resistant prion protein oligomers and amyloid polymers in vitro and in solution.
Because unfolding of a protein molecule from its ordered a-helical structure is considered to be a

necessary step for the structural conversion to its b-sheet rich isoform, we have studied the

unfolding of the a-helical globular 121–231 fragment of mouse recombinant prion protein in the
presence of different nucleic acids at neutral and acid pH. Nucleic acids, either single or double

stranded, do not have any significant effect on the secondary structure of the protein fragment at

neutral pH; however the protein secondary structure is modified by the nucleic acids at pH 5.
Nucleic acids do not show any significant effect on the temperature induced unfolding of the glob-

ular prion protein domain at neutral pH which, however, undergoes a gross conformational change

at pH 5 as evidenced from the lowering of the midpoint of thermal denaturation temperatures, Tm,
of the protein. The extent of Tm decrease shows a dependence on the nature of nucleic acid. The

interaction of nucleic acid with the nonpolar groups exposed from the protein interior at pH 5 prob-

ably contributes substantially to the unfolding process of the protein.
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Introduction
The fatal neurodegenerative prion diseases are both

genetic and infectious and can inflict on humans

and other animals. Structural change in the a-helix

rich normal cellular prion protein, PrPC to its b-

sheet rich scrapie isoform, PrPSc, has been consid-

ered as the obligatory step to the occurrence and

propagation of the prion disease.1–3 PrPSc can exist

as a monomer or a multimer.1 PrPSc can catalyse

the conversion PrPC to PrPSc and on the basis of

genetic experiments, the process of conversion has

been postulated to require the binding of PrPC to a

still unidentified “protein X” (a cofactor) before its

conversion by PrPSc can occur.1

Synthetic nucleic acids, in solution and in vitro,

can catalyze conversion of recombinant and cellular

PrPC to PrPSc as evidenced from secondary struc-

tural studies of the protein and proteinase K (PK)

resistance properties.4–7 Our studies also indicated

that bending and unwinding of nucleic acid occurred

by prion protein and natural poly amines (spermine

and spermidine) can inhibit this interaction.8,9

Highly structured small RNA binds to PrPC at neu-

tral pH and yields Proteinase K resistant component

in the presence of cellular cofactors.6

Studies using brain tissues have shown that an

endogenous 300 nucleotide long RNA (100 kDa) can

convert endogenous PrPC to Proteinase K resistant

form in vitro.7,10,11 These results indicate that

nucleic acid can act as a cofactor for the conversion

of PrPC to PrPSc and can be the active transmissible

spongiform encephalopathy (TSE) agent. In addition,
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the interaction between recombinant PrPC and

nucleic acids (DNAs, tRNA, and PolyA) simultane-

ously produces a mixture of condensed and function-

ally active nucleoprotein complex, PrPSc oligomers

and linear and spherical amyloids.8–12 A specific

nucleic acid as a cofactor for the propagation of

prion infection has not been identified.13 PrPC is a

cell surface protein and nucleic acids in extracellular

circulation can interact with it.14 However it has

been considered that the relevant nucleic acid for

PrPC conversion would be of cytoplasmic ori-

gin.4,5,7,14,15 Besides, we have also found that osmo-

lyte can induce recombinant alpha-helical prion

protein to its soluble beta-structured form at high

temperature.16

The presence of prion protein in cytoplasm of

cells including neurons has been shown and

although the exact biological role of prion protein–

nucleic acid interaction is not known at present, it is

possible that structural conversion of PrPC to PrPSc

can be catalyzed by cytoplasmic nucleic acids that

can play a role in the prion diseases.12,17,18 A sepa-

rate study indicates the neurotoxic effect found on

the cultured rat cortical neurons of the complex of

the ovine prion protein (OvPrP(C)) and RNA.19,20

Besides, unique quadruplex structure and selective

interaction of an RNA aptamer against bovine prion

protein and may inhibits the prion disease

propagation.21

Understanding the processes of PrPC structural

changes, viz. its unfolding and refolding to polymeric

scrapie isoform are of paramount importance.1 Ther-

mal denaturation of proteins is one of the methods

used to study the unfolding processes of protein. We

encountered experimental difficulty to study the

unfolding properties of the full-length protein in

nucleic acid solutions due to the appearance of tur-

bidity and coagulation of protein during thermal

unfolding of the protein.

The full-length recombinant prion proteins cor-

responding to different species show the presence of

three a-helices and two short a-strands in the globu-

lar segment spanning 121–231 residues [Fig. 1(A)],

and it has been shown that, the three-dimensional

fold of the full-length protein is fully preserved in

this C-terminal 121–231 protein fragment.22,23 Pre-

viously we have shown that the a-helical moPrP

121–231 fragment in the presence of double

stranded nucleic acids is converted to a protein rich

in b-sheet at pH 5 which after incubation resulted

in linear amyloids determined from electron micros-

copy, Congo Red and Thiaflavin T binding.24,25 In

this present study, we determine the thermal unfold-

ing of the moPrP 121–231 fragment in the presence

of different nucleic acids at neutral and pH5 since

the protein fragment did not coagulate on heating.

We considered that the information obtained from

the study of this globular fragment would be rele-

vant to understand the unfolding processes of the

full-length prion protein in nucleic acid solutions.

Results

Secondary structure of the protein in nucleic

acid solutions
The circular dichroism (CD) experiments of the

mouse prion protein fragment moPrP (121–231)

showed characteristic of double pick (minima) at 208

and 222 nm (Fig. 2), which indicated a significant a-

helical content of the protein fragment at neutral

pH (lower spectrum) which did not change at pH 5

Figure 1. A. Sequence of the mouse recombinant full-length

prion protein (moPrP 23–231). The N-terminal 23–125 seg-

ment is highly basic and unstructured and rich in glycine and

tryptophan groups. The amino acid residues forming three a-

helices have been marked. b-Sheets are represented by

green letters. B. The two salt bridges in the prion protein

helix 1 (DWEDRYYR) can be perturbed by nucleic acids

inducing unfolding of the prion protein fragment 121–231.

(Adapted from Morrissey and Shakhnovich, 1999, with

permission from Proc. Natl. Acad. Sci. USA.)

Figure 2. Circular dichroism spectra of moPrP 121–231 frag-

ment (25 mM) inTris HCl pH 7.2 (bottom) and acetate buffer

pH 5 (top) were using the same concentration of the protein.

The result shows that the secondary structures of the C-

terminal domain of prion protein and the globular fragment of

the protein do not change to any significant extent from neu-

tral to pH 5.
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(upper trace). The CD spectra of the protein in

nucleic acid solutions were corrected after subtract-

ing the corresponding free nucleic acid spectra from

the CD spectra of the moPrP (121–231)—DNA mix-

ture.24,26 Nucleic acids even at their maximum con-

centrations used in this study do not have

significant CD values between 200 and 250 nm com-

pared to the CD values of 20 mM protein (Supporting

Information Fig. 1).

The CD spectra of the 121–231 protein fragment

in the presence of nucleic acids, tRNA and gcDNA

(80 mM nucleotide concentrations), at pHs 7.2 and 5

have been presented in Figures 3 and 4, respec-

tively. At pH 7.2, the ratio of the intensity of the two

peaks changed in the presence of 1 mM tRNA [Fig.

3(A)]. However, gcDNA did not induce any similar

change under similar experimental conditions [Fig.

4(A)]. The positive CD values at 265 nm represent

the contribution of tRNA to the CD spectra. The

intensities of the CD spectrum decreased and the

peaks in the spectrum were not pronounced in the

presence of tRNA at pH 5 [Fig. 3(B)]. However,

gcDNA decreased the CD intensity of the 240–

200 nm region of the spectrum and the CD peak at

220 nm became more pronounced comppared to the

peak at 208 nm in buffer which appeared as a

shoulder at pH 5 [Fig. 4(B)]. The CD intensities of

the protein peaks decreased (�20%) in the presence

of both the nucleic acids at pH 5 suggesting a

decrease in the secondary structural content of the

protein at pH 5 [Figs. 3(B) and 4(B)].

To characterize the effect of nucleic acids on the

structural stability of moPrP (121–231) fragment, we

studied the thermal denaturation of the protein (20

mM) in the presence of increasing nucleic acid concen-

trations. The mid points of the structural transitions

(Tm) for moPrP (121–231) in pH 7.2 and pH 5 buffers

were 66.5�C 6 0.4�C and 65.4�C 6 0.2�C, respectively

indicating that changes in the pH do not perturb the

structural stability of the protein (traces 1, Figs. 5

and 6). The stability of the protein, as determined

from the Tm values, in the presence of either gcDNA

or tRNA, does not change at neutral pH [traces 2;

Figs. 5(A) and 6(A)]. However all the nucleic acids

Figure 3. Secondary structural changes observed by CD

spectra of the moPrP 121–231 fragment in the presence of

tRNA. In A and B (pH 7.2 and pH 5, respectively), trace-1

represents the protein in buffer (moPrP 121–231; 20 mM),

showing two characteristic peaks for a-helix at 222 and

208 nm. In the presence of 1 mM tRNA ([Nucleotide]/

[PrP]) 5 4), there is no significant effect on the protein sec-

ondary structure at neutral pH (A, trace-2,). However there is

a substantial reduction of the CD intensities at the peaks

observed at pH 5 (B, trace-2).

Figure 4. Secondary structural changes observed by CD spec-

tra of the moPrP 121–231 fragment in the presence of gcDNA.

In A and B (pH 7.2 and pH 5, respectively), trace-1 represents

the protein in buffer (moPrP 121–231; 20 mM), showing two

characteristic peaks for a-helix at 222 and 208 nm. In the pres-

ence of the nucleic acid ([Nucleotide]/[PrP]) 5 4), there is no sig-

nificant effect on the protein secondary structure at neutral pH

(A, trace-2,). However there is a substantial reduction of the CD

intensities at the peaks observed at pH5 (B, trace-2) where

reduction in the CD intensity at 222 nm reduced to a lesser

extent than the peak at 208 nm.
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studied here decreased the Tm values of the protein

at pH 5 indicating nucleic acid induced structural

destabilization of the protein at pH 5 [Figs. 5(B) and

6(B)]. The variation of Tm values as a function of

nucleic acid concentration (plotted as nucleotide to

protein mole ratio) has been presented in Figure 7. It

can be seen that the decrease in the Tm values

remained constant after nucleotide to protein ratio of

2 for the nucleic acids studied, although the extent of

decrease in the Tm values at saturation varied on the

type of the nucleic acids (Fig. 7 and Table I). The

data in Table I also shows that maximum decrease

(nucleotide to protein ratio of 4) in the Tm values

occurred with tRNA and mDNA (Tm �45�C) and the

effect was minimum with PolyC (Tm, 53�C).

Nature of interaction between nucleic acid and

moPrP (121–231) fragment
Next, we sought to characterize the nature of interac-

tion between nucleic acid and moPrP 121–231.

Unlike the full-length prion protein where we have

used intrinsic fluorescence polarization values of

tryptophan (numbering 7) to study the interaction

Figure 5. Effect of tRNA on the thermal unfolding of moPrP

(121–231) monitored at pH 7.2 (A) and pH 5 (B). The change in

the CD intensity was measured at 222 nm. In both figures,

trace 1 represents the protein in buffer and trace 2 represents

the protein in the presence of 1 mM tRNA. Nucleotide to pro-

tein concentration ratio was 4. It can be seen that the struc-

tural transition of the protein fragment is broader at pH 5.

Figure 6. Effect of gcDNA on the thermal unfolding of moPrP

(121–231) monitored at pH 7.2 (A) and pH 5 (B). The change in

the CD intensity was measured at 222 nm. In both figures,

trace 1 represents the protein in buffer and trace 2 represents

the protein in the presence of gcDNA. Nucleotide to protein

concentration ratio was 4. It can be seen that the structural

transition of the protein fragment is broader at pH 5.

Figure 7. The decrease in the temperature of the thermally

induced midpoint of structural unfolding, Tm, of moPrP (121–

231) induced by increasing concentration of different nucleic

acids at pH 5. The protein concentration was kept constant

(20 mM) and nucleic acid concentrations were varied. The

results show increased destabilization with increasing con-

centrations of the nucleic acids at pH 5. The maximum extent

of the decrease in the Tm values depends upon the composi-

tion of the nucleic acids.
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with nucleic acids, we have used the intrinsic fluores-

cence intensity of the single tryptophan group pres-

ent in the 145 position of the first a-helix of the

protein [see the protein sequence, Fig. 1(A)]. The

emission at 350 nm arises from the single tryptophan

145 of the protein fragment, which might reflect

either a partial exposure of this Trp (W) to the sur-

rounding solvent or the influence of a local charged

environment around it [DWEDR in the helix-1, Fig.

1(B)] or a combination of both of these factors.27

The titration results with tRNA showed that its

addition quenched the fluorescence intensity of the

tryptophan group of moPrP121–231 and the titra-

tion curve did not show a saturation effect at higher

tRNA concentrations (mole ratio of protein to nucleo-

tide >15) shown in Figure 8. In increasing concen-

trations of NaCl, the extent of quenching of the

tryptophan fluorescence in the presence of tRNA

decreased showing that its interaction with the

prion protein fragment decreased in the presence of

salt. This suggests that electrostatic interaction con-

tributes substantially to the interaction between

nucleic acid and moPrP fragment 121–231 (pI, 7.2).

Exposure of the non-polar groups at pH 5

The dye, bis-ANS, in the presence of protein frag-

ment at pH 7.2 showed an emission maximum at

520 nm which was identical to the same observed in

buffer (not shown). The dye bis-ANS does not change

its fluorescence property upon changing its sur-

rounding pH. The emission spectra of the dye in the

presence of PrP (121–231) fragment showed a grad-

ual blue shift with the lowering of the pH. A plot of

the ratio of the fluorescence intensities at 490 nm to

that at 520 nm against pH of solutions ranging

between 7.5 and 3 has been shown in Figure 9. The

plot shows that a structural transition of the prion

protein fragment occurred with the decrease in pH

of the solution with the apparent pK of structural

transition of 5. A similar pK value of 5 was obtained

with the human prion protein 90–231 fragment dur-

ing its structural change from neutral to acid pH

using the same bis-ANS dye.28

Table I. Comparison of the Tm Values for the Unfolding of moPrP 121–231 Fragment in the Presence of Different
Nucleic Acids at a Constant [Nucleotide]/[PrP] Ratio of 4 at pH 5

Nucleic acids No. of nucleotides (nt)
Tm (�C) at a fixed

[nucleotide]/[PrP] 5 4 ratios

MoPrP(121–231) in Buffer, pH5 — 65.4 6 0.2
MoPrP(121–231) in Buffer, pH6 — 65.8 6 0.3
MoPrP(121–231) in Buffer, pH7.2 — 66.5 6 0.4
Polyadenylic acid [PolyA] 910 49.0 6 0.5
Polycytidylic acid [PolyC] 2500 53.0 6 0.6
Polyuradylic acid [PolyU] 2727 48.0 6 0.4
ds poly (dA-dC).(dG-dT) [mDNA] 5316 45.0 6 0.3
Transfer RNA [tRNA] 80 45.0 6 0.5

Figure 8. Nature of the binding interaction between moPrP

121–231 fragment and tRNA in 1 mM acetate buffer, pH 5

obtained from fluorescence titration of the single tryptophan

moiety situated at 145 position of the prion protein helix 1. A

2 mM solution of the protein fragment was used. F0 is the flu-

orescence of the tryptophan in buffer, F is the same in the

presence of tRNA. The titration results in the presence of 0,

0.1, and 0.25 M NaCl are shown. Excitation, 280 nm, emis-

sion at 350 nm; slit widths are 10 and 20 nm, respectively;

temperature 20�C.

Figure 9. pH dependence of the fluorescence intensity of

bis-ANS in the presence of moPrP (121–231) (triangle). In the

experiment the protein (2 mM) was mixed with bis-ANS (8

mM) at different pH. After 30 min of incubation the individual

spectrum was taken and the fluorescence intensity ratios at

495–520 nm at different pHs were plotted as a function of

pH. The fluorescence intensities of bis-ANS remain between

the pHs indicated (square).
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Discussion

The results show that the secondary structure of the

prion protein 121–231 fragment is not significantly

altered when the pH of the solution is changed from

neutral to pH 5 (Fig. 2). The thermal stability of the

protein fragment against thermal denaturation also

does not show any change with the variation in the

pH as evidenced from Tm values of 66.5�C 6 0.4�C

and 65.4�C 6 0.2�C at pH 7.2 and pH 5 buffers,

respectively (Table I). Although nucleic acids do not

influence the secondary structure of the protein

fragment at neutral pH [Figs. 3(A) and 4(A)], there

are perceptible changes in the secondary structure

of the protein in the presence of nucleic acids at pH

5 [Figs. 3(B) and 4(B)]. The present results also

show that nucleic acids, single or double stranded,

destabilize the structure of the globular fragment

121–231 of the prion protein in acidic pH [Figs. 5(B)

and 6(B); Table I]. The result obtained with the

mouse prion protein fragment is expected to be valid

for the huPrP 121–231 fragment because these two

protein fragments have 95% sequence homology.23

Previous work by Marques et al. (2009) indi-

cated that the prion protein stability enhanced

coupled to DNA recognition. It is also indicated that

the stability of a soluble, 1:1 complex formed

between an 18 base-pair DNA fragment and the full-

length recombinant prion protein. In fact DNA con-

fers a gain in PrP stability against urea and guani-

dinium denaturation, which is enhanced at lower

pHs and in moderate concentrations of NaCl.29

These findings support our current results.

Our previous results showed that nucleic acid

by binding to the positively charged N-terminal seg-

ment of the full-length prion protein forms func-

tional nucleoprotein complex. We envisaged that the

polymerization of the prion protein through its C-

terminal 121–231 segment would require direct

interaction of nucleic acid with this fragment.9,24

Our present data show that nucleic acids can inter-

act with the purified prion protein 121–231 frag-

ment that is dominated by electrostatic interaction

at pH 5 (Figs. 8 and 9). We believe that similar

interaction of nucleic acid with this segment also

occurs in the full-length protein. Support of this pos-

sibility comes from another protein-nucleic acid sys-

tem viz. X-ray crystallographic data of the enzyme

Bam HI show that nucleic acid can interact with the

enzyme through different mechanisms inducing

ordering of the N-terminal part and unwinding of

the C-terminal segment of the molecule.30

Of note, nucleic acids also bind to the globular

domain PrP (121–231), in addition to the N-terminal

domain. However, we did not see any structural con-

tribution from nucleic acids towards protein helical

peaks in CD spectra [Supporting Information Fig. 1

(Fig. 1s)]. The CD spectra of the free PrP (121–231),

free tRNA or gcDNA were compared with CD spectra

of protein-nucleic acids complexes. As expected protein

helical structure characterized by two different peaks

at 222 and 210 nm were observed. There is no charac-

teristic signal around 210 or 222 nm for the tRNA.

Experiments have also performed with gcDNA. CD

spectral data indicated that the structural elements

contributed from tRNA or gcDNA is not interfering

with the helical structural peaks of PrP (121–231)

(Supporting Information Fig. 1s). As described in our

previous findings that the secondary or tertiary struc-

ture of nucleic acids were affected by the interacting

PrP protein.8 However, we did not see the direct heli-

cal structural contribution in CD spectra from nucleic

acids towards PrP (121–231) helices. Therefore, our

present observation of the unfolding of PrP globular

domain by nucleic acid is not contributed from the

structural changes of nucleic acid. Besides, our cur-

rent data is an agreement with the recent finding to

what has been observed to the binding of low molecu-

lar weight heparin to murine PrP at pH 5.5 in com-

parison to neutral pH. The interaction between

recombinant PrP and heparin (low molecular weight)

at pH 5.5 had a stoichiometry of 2:1 (Hep:rPrP 23–

231), in contrast to a 1:1 binding ratio at pH 7.4.31,32

Previously we suggested that extremely hydro-

philic helix 1 spanning the residues 144–154 (DWE-

DRYYRENN) in the PrP fragment is destabilized by

nucleic acid and partial unfolding of the protein by

low concentrations of nucleic acids lead to the oligo-

merization and polymerization of the PrP 121–231

protein fragment.9,24 The absence of ANS binding to

the PrP 121–231 amyloid indicated the absence of

hydrophobic surface/contacts in the amyloid where

the dye can bind. This agrees with the observation

that the helix 1 has a low capacity to form hydropho-

bic contacts and its regular secondary structure is

stabilized by electrostatic interactions [Fig. 1(B)].33,34

NMR results reveal that although at neutral pH, the

end residues of helix 1 adopt a 310-helix conforma-

tion, they show a less regular conformation at acidic

pH most possibly due to the perturbation of the elec-

trostatic interaction which stabilizes prion helix 1.33

It is possible that the protonation of His 140 at

acidic pH would tend to alter helix 1 structure by

the introduction of an unfavorable second positive

charge close to Arg148.33 This is probably reflected

in a very small change in the profile of secondary

structure and exposure of the non-polar groups from

the protein interior at pH 5 (Figs. 2 and 9). We sug-

gest that phosphate groups of the nucleic acids

through ion-induced destabilization of salt bridges

Asp144-Arg148 and/or Asp147-Arg 151 of helix-1

would lead to the unfolding of the protein at pH5

[Figs. 5(B) and 6(B); Table I].35 It has been sug-

gested that the helix 2 at acidic pH has reduced sta-

bility that can arise from the protonation of His187,

as positively charged histidine side chains in the

middle of a-helices have been shown to have a
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destabilizing effect because of unfavorable interac-

tion with the helix macrodipole.36

From NMR and model building studies it has been

suggested that the C-terminal residues of prion helix 2

might play a role in the transition to an aggregation com-

petent state. This result and the observation that the

secondary structure of PrPSc has a high percentage of b-

sheet content imply that the whole protein molecule

unfolds substantially in going from PrPC to an aggrega-

tion prone state.37 However, unfolding simulation of Syr-

ian hamster PrP (109–219) at low pH showed that the

prion protein core, consisting of helix 2 and helix 3,

remained unchanged in the PrPC and aggregated PrPSc

forms, whereas a conformational transition and instabil-

ity was identified at the N-terminal part of the protein

and within helix 21 and the following b-sheet (second b-

sheet).38 Further, a structural model of PrPSc based on

electron crystallography39,40 suggested that helix 2 and

helix 3 have a very similar conformation in both PrPC

and PrPSc. Therefore we consider that the conformation

of the prion helix 2 is not altered in nucleic acid solution.

The electrostatic interaction between proteins

and nucleic acids, in general, increases the stability of

the protein41 and this interaction is not expected to

destabilize the prion protein fragment 121–231. This

is also evidenced from the results at neutral pH

where nucleic acids do not have any effect on the

thermal stability of the protein fragment [Figs. 5(A)

and 6(A)]. In agreement of these present findings, pre-

vious data demonstrated that the structure of prion

protein is influenced by pH (on NMR structure and

stability) as well as prion protein structure is affected

by pH-dependent interaction with membranes.33,42

Both these cases structural stability influenced at the

globular domain of the prion protein.

The above explanation of mechanism of protein

unfolding based only on the perturbation of the salt

linkage in helix 1 and modification of the interaction

of the protonated His 187 of helix 2 with the macor-

dipole of the helix 2 by phosphate ion is not sufficient

to explain the differences in the stabilities of the pro-

tein fragment in the presence of different nucleic

acids. This is due to the observations that at the same

nucleotide concentrations (phosphate to the protein

ratio) Poly C decreases the Tm value of the protein

fragment by �10�C whereas the Tm values of the pro-

tein in mDNA or tRNA solutions decrease by �20�C

from the buffer value of Tm at pH 5 (Table I). This

suggests that nucleic acids can influence the struc-

tural stability of the prion protein fragment which

could depend on base composition, sequence or nature

of the secondary structure of the nucleic acids.

The binding of the fluorophor bis-ANS shows that

there is exposure of nonpolar groups from the interior

of the PrP 121–231 fragment in acidic pH indicating a

structural change of the protein (Fig. 8). Although this

conformational change did not significantly alter

either the secondary structure or the thermal stability

of the protein fragment in acidic pH (Fig. 2; also see

above), there was gross unfolding of the protein struc-

ture in the presence of nucleic acids at pH 5 as evi-

denced from a large decrease of �20�C in the Tm value

(Table I). In contrast, we did not observe any differ-

ence in the Tm values at pH 7.2 in the presence of

nucleic acids [Figs. 5(A) and 6(A)].

On the basis of these considerations, we suggest

that destabilization of the PrP (121–231) globular

fragment in the presence of nucleic acids at pH 5

can arise from favorable interaction(s) of the newly

exposed nonpolar groups with nucleic acid bases

through more favorable dispersion interaction com-

pared to that of the nonpolar groups with water.

This favorable interaction between the nonpolar

groups of the protein fragment with the nucleic acid

bases would stabilize the unfolded state of the pro-

tein reflected in the lowering of the Tm values in the

presence of nucleic acids. The dispersion force

between the protein non-polar groups and nucleic

acid could depend upon base composition, sequence

or nature of the secondary structure of the nucleic

acids.43–47 At present we do not know which nonpo-

lar groups will be exposed from the interior of the

globular protein fragment at pH 5 that will make

favorable contacts with the nucleic acid bases.

We have mentioned previously that the titration

of the huPrP (90–231) fragment showed nearly 300-

fold increase in the bound bis-ANS fluorescence at pH

5.8,16 Compared to that, there was only 30% increase

in the bis-ANS fluorescence when (121–231) fragment

was titrated. Our unpublished data shows that at

identical nucleic acid concentrations (double or single

stranded), the decrease in the Tm values of the 90–231

fragment are comparable to the decrease in the Tm

values of huPrP (121–231) or moPrP (121–231) prion

protein fragments in the same nucleic acid solutions.

The consensus hydrophobic domains of the full-length

human or mouse prion proteins span amino acid resi-

dues 112–122 (VAGAAAAGAVV). This amino acid

sequence in the 90–231 prion protein fragment pres-

ent in the unstructured region of the protein is

expected to remain in contact with the external sol-

vent at neutral pH. However the results of titration of

90–231 prion protein fragment with pH variation and

in the presence of bis-ANS showed that between pH 9

and 6, the dye does not bind to the protein. This sug-

gests that the above hydrophobic region of the protein

is not accessible to the solvent at neutral pH [Figs.

1(A,B) and 9]. This hydrophobic region becomes acces-

sible to the solvent to bind to the dye due to its expo-

sure as a consequence in change in the protein

conformation at pH 5.28 Because the decrease in the

Tm values of the 90–231 and 121–231 prion protein

fragments are nearly same in the presence of nucleic

acids at pH 5 (see above), we suggest that the interac-

tion of nucleic acid with the exposed nonpolar groups

in the 121–231 region of the protein is relevant for the
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structural destabilization of both the protein frag-

ment. By extension we consider that this explanation

would be applicable to the unfolding of the full length

prion protein which leads to amyloid formation in

nucleic acid solution. We believe that exposed nonpo-

lar 112–122 region of the full-length prion protein

with nucleic acids at pH 5 can explain the formation of

lager nucleoprotein complexes which are insensitive

to the salt.

In conclusion, the present study shows the pos-

sibility that in the cell, nucleic acid can catalyze the

conversion of the cellular prion protein to a b-sheet

rich PrPSc form by inducing unfolding of the struc-

tured region of the prion protein and therefore can

act as a cofactor in the prion diseases.

Materials and Methods
The recombinant mouse prion protein fragment

moPrP (121–231) was expressed in E coli. and iso-

lated by anion exchange and size exclusion chroma-

tography.23 The isolated protein fragment has the

desired disulfide bond between residues 178 and 213

and in the SDS-polyacrylamide gel it shows a single

band with a molecular mass 13.3 kDa verified by

electron mass spectrometry. An absorbance value of

1.55 at 280 nm in 1 cm cell for 1 mg of protein was

used to calculate the protein concentration.

Single and double stranded nucleic acids were

obtained from Sigma-Aldrich and were used without

further purification. The concentrations of different

nucleic acids were determined as follows. An OD (at

260 nm) of 1 corresponds to 50 mg ml21 for double

stranded DNA (mDNA and gcDNA) and 40 mg ml21

for single-stranded DNA (Poly A, Poly C, and Poly

U) and tRNA were used to calculate the respective

concentrations. The ratio between OD values at 260

and 280 nm (OD260/OD280) were above 1.9 for the

nucleic acids used.

Secondary structure of the protein fragment in

the far UV region was studied by circular dichroism

spectra in a JASCO 810 Spectropolarimeter fitted

with a Peltier thermostat. The spectra were recorded

at 20�C. The stability of the protein against thermal

denaturation was monitored from the changes in the

CD values of the protein a-helical peak at 222 nm by

increasing the solution temperature by 1�C min21

(Nandi et al., 2002).24 The preceding studies were

carried out in either 0.1M sodium acetate buffer (pH

5) or 0.1M Tris-Cl buffer (pH 7.2) in a 0.1cm cuvette

at 20�C. Protein at 20 mM concentration was used for

the experiments. Five individual scans of the spec-

trum were averaged, and the spectra are reported

after subtraction of the nucleic acid spectra. The

effects of different nucleic acids on the thermal stabil-

ity of the protein have been compared after normal-

ization with respect to nucleotide concentrations.

Fluorophor 4,40-Dianilino-1,10-binaphthyl-5,50-disul-

fonic acid dipotassium salt, bis-ANS, was obtained

from Molecular Probes, Eugene, Oregon and has

been used to study structural change of the prion

protein in buffer using a Hitachi 4500 Spectrofluor-

ometer fitted with a circulating water thermostat.

The study on the effect of pH on the structural

change of the protein fragment based on fluores-

cence properties of the dye bis-ANS fluorescence was

carried out by exciting the solution at 460 nm. Solu-

tions containing 2 mM of moPrP (121–231) fragment

and 8 mM of bis-ANS at different pHs were incu-

bated for 30 min after which the spectra were

recorded by exciting the solutions at 360 nm and

recording the spectra between 460 and 550 nm. For

different pHs, the citrate-phosphate (pH 3 to 4), ace-

tate (pH 5), phosphate (pH 6) and Tris-HCl for

higher pHs buffer were used keeping the ionic

strength as 0.1M. After 30-min incubation in the

dark, fluorescence of bis-ANS was measured in a

Hitachi 4500 Spectrofluorometer using low excita-

tion slit (5 nm) to minimize the photo bleaching.
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